Abstract Cancer is the second most common cause of death in the USA. Its symptoms are often not specific and absent, until the tumors have already metastasized. Therefore, there is an urgent demand for developing rapid, highly accurate and noninvasive tools for cancer screening, early detection, diagnostics, staging and prognostics. Saliva as a multi-constituent oral fluid comprises secretions from the major and minor salivary glands, extensively supplied by blood. Molecules such as DNAs, RNAs, proteins, metabolites, and microbiota, present in blood, could be also found in saliva. Recently, salivary diagnostics has drawn significant attention for the detection of specific biomarkers, since the sample collection and processing are simple, cost-effective, and precise and do not cause patient discomfort. Here, we review recent salivary candidate biomarkers for systemic cancers by dividing them according to their origin into: genomic, transcriptomic, proteomic, metabolomic and microbial types.
Introduction
Cancer is the second most common cause of death in the USA, trailing only behind the incidence of heart disease. A total of 1,658,370 new cancer cases and 589,430 cancer deaths were projected to occur in the USA in 2015 [1] . Early cancer detection is the hallmark of successful treatment. With recent advances in diagnostic technologies, including computed tomography and magnetic resonance imaging, sufficient sensitivity has been achieved. However, high costs and radiation exposure restrict their use for the purpose of screening [2] . Therefore, more reliable, relatively inexpensive, and noninvasive methods are required for early diagnosis of cancer.
Saliva is a biological fluid composed of more than 99% water and less than 1% proteins, electrolytes and other lowmolecular weight components [3] . It originates mainly from three pairs of major salivary glands (the parotid, submandibular, and sublingual glands) as well as from 300 to 400 minor salivary glands present in the oral cavity [4] . The gingival crevicular fluid containing bacteria, epithelial cells, erythrocytes, leukocytes and food debris contributes only in small part to the formation of oral fluids. Thus, saliva plays a key role in the lubrication, mastication, swallowing and digestion. It protects the integrity of the oral tissues, but also provides clues for local and systemic diseases and conditions [5] .
Molecules such as DNAs, RNAs, proteins, metabolites, and microbiota, present in blood, could be also present in saliva. Thus, their concentration changes can be used as biomarkers to detect early stage cancer or to monitor the response to therapeutic management [6] . Salivary diagnostics is a noninvasive, easy to use tool for patient specimen collection. Saliva testing potentially allows the patient to gather their own saliva samples, even at home, thus savings healthcare costs, enabling convenient and multiple sampling as well as having a positive impact on patient compliance [7] .
The aim of this paper was to provide a review on the potential mechanisms by which the distal tumors mediate changes in salivary biomarker profiles as well as to describe recent advances in salivary biomarkers used for systemic cancer detection.
Biomarkers in saliva
''Salivaomics'' is a broad collection of technologies used to explore different types of molecules contained in saliva. This term includes genome and epigenome (the study of genes and their methylation), transcriptomics (the study of messenger RNA (mRNA) within cells or organisms), metabolomics (the study of global metabolite profiles in a system), proteomics (the study of proteins) and microbiota (the study of microbiology).
Genome and epigenome
The salivary genome consists of both human and microbial DNA [8] . Both, the quantity and the quality of salivary DNA are quite good: The mean total DNA in saliva is approximately 24 lg, ranging from 0.2 to 52 lg. Although it is approximately 10 times lower than in blood (mean 210 lg, range 58-577 lg), genotyping requires as low as 5 ng/mL of DNA to work effectively. Saliva samples also yield sufficient DNA for sequencing arrays and polymerase chain reaction (PCR) assays [9] . The ratios of absorbance at 260 nm and 280 nm (A260/A280) can be measured to evaluate the purity of DNA. The mean value of A260/A280 is 1.56 for saliva and 1.71 for plasma, which indicates that the quality of salivary DNA is comparable to that in blood [9] . Tumorigenesis is a multistep process, involving both genetic and epigenetic changes in its pathology [10] . Aberrant DNA methylation was the first epigenetic mark to be associated with cancer; as a consequence of the alteration, it causes in normal gene regulation [11] .
Salivary genome and epigenome are assayable by a diverse collection of biomolecular techniques, including methylation arrays, PCR and quantitative PCR (qPCR)-based genotyping. Some innovative methods are also developed to detect gene mutation related to lung cancer [12] .
Transcriptome
Salivary transcriptome researches mainly focus on mRNA and microRNA (miRNA), which can be found in oral cavity that are distant to original cells [13] . The salivary transcriptome was first profiled in our UCLA laboratory [14] . We also developed the simple methods to stabilize the salivary mRNA at a room temperature and its analysis without further processing [15] . Noncoding RNAs (ncRNAs) are emerging as new regulators of diverse biological functions, playing an important role in oncogenesis and tumor progression. Because of the small size of these molecules, they are very stable in different body fluids and not as susceptible as messenger RNAs (mRNAs) to degradation by ribonucleases (RNases) [16] . Based on gene microarray and quantitative real-time PCR (qRT-PCR) technology, several mRNA and miRNA candidates were discovered in lung cancer [17] , pancreatic cancer [18, 19] and breast cancer [20] with good sensitivity and specificity.
Proteome
The salivary proteome comprises the entire protein content of the oral cavity. Saliva contains greater than 2000 proteins and peptides that are involved in a multitude of different biological functions in the oral cavity [21] . Approximately one-fourth of the whole saliva proteins are found in plasma. Proteomic analysis in saliva has distinct advantages over blood, especially for low-abundance proteins, due to the more even distribution of distinct salivary peptides [22] .
Currently, mass spectrometry (MS) is the core technology for salivary protein identification. Surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF-MS) can get stable profile of salivary proteome of healthy controls [23] . It could be also used in detecting the differences between pre-and post-orthodontic treatment [24] or in high-throughput breast cancer biomarker discovery [25] . Two-dimensional gel electrophoresis (2DE) combined with MS performed well in lung cancer [26] and breast cancer [20] biomarker detection with high sensitivity and specificity.
Raman spectroscopy (RS) has been regarded as a promising optical technique for the comprehensive investigation of cancer diagnosis over the last 2 decades. Feng et al. demonstrate that saliva protein surface-enhanced Raman spectroscopy (SERS) analysis combined with partial least squares-discriminant analysis diagnostic algorithms has great potential for the noninvasive and label-free detection of breast cancer [27] .
Metabolome
Metabolome, a global comprehensive overview of the metabolic status, provides a new insight into pathophysiologic mechanisms of various diseases. It allows measuring the levels of endogenous metabolites, thus enabling biomarker discovery [28] . The endogenous metabolites, including nucleic acids, lipids, amino acids, peptides, vitamins, organic acids, thiols and carbohydrates, represent a valuable tool for detection of biomarkers for various diseases and monitoring disease progression [29, 30] .
In 2010, Sugimoto et al. identified that cancer-specific signatures are embedded in saliva metabolites by capillary electrophoresis time-of-flight mass spectrometry (CE-TOF-MS). They conducted a comprehensive metabolite analysis of saliva samples obtained from oral, pancreatic, breast cancer, periodontal disease patients and healthy controls. Fifty-seven principal metabolites were found to accurately predict the probability of being affected by a specific disease, yielding large area under the receiver operating characteristic curves (AUCs) [31] . Other salivary metabolites were established to differentiate oral squamous cell carcinoma [32] and neurodegenerative dementia patients [33] from controls based on MS.
Microbiota
The recent advances in next generation sequencing allowed the identification of about 19,000 phylotypes in the oral cavity [34] . Evidences show that bacteria and microorganisms can lead to oral diseases, such as caries [35] , periodontitis [36] as well as systemic diseases including cancer [37, 38] .
Based on microarray and qPCR, Farrell et al. [39] demonstrated that the combination of N. elongata and S. mitis in saliva can distinguish pancreatic cancer patients from healthy subjects. Torres et al. [40] got the similar results by using high-throughput sequencing of bacterial small subunit ribosomal RNA (16S rRNA) gene. Helicobacter pylori (H. pylori), which is known to cause inflammation of the stomach lining, can also lead to gastric cancer. Two metabolites of H. pylori can be detected in saliva with good sensitivity [41] .
How do the distal tumors relate to saliva biomarkers?
Previous studies have confirmed that many discriminatory salivary biomarkers can be detected upon the development of systemic cancers such as pancreatic cancer [18] , breast cancer [42] , lung cancer [26] or ovarian cancer. However, none of them clearly explains why a cancer located far from the oral cavity could affect biomarker profiles in saliva.
Lau et al. [43] used a breast cancer cell model to demonstrate that breast cancer-derived exosome-like microvesicles are capable of interacting with salivary gland cells, altering the composition of their secreted exosomelike microvesicles. They found that the salivary gland cells secreted exosome-like microvesicles, thus encapsulating both proteins and mRNAs.
Exosomes are small vesicles (diameters of 30-120 nm) that contain lipids [44] , mRNA, miRNA [45] , DNA [46] and proteins [47] . They are perceived to carry these contents from distant locations to the whole body. Exosomes exist in almost all cell types around the body and in most bodily fluids including saliva [48] [49] [50] . Studies demonstrate that exosomes can be involved in RNA processing and degradation [51] , spreading pathogen [52] , tumor promotion [53, 54] and immune function [55] .
Later, Lau et al. [56] found that the constructed pancreatic cancer mouse model yielded discriminatory salivary biomarkers by implanting the pancreatic cancer cell line into the pancreas of host. These studies confirm that exosomes provide a mechanism for altered salivary cancerspecific biomarkers.
Saliva biomarkers of cancer detection

Lung cancer
Lung cancer is the leading cause of cancer-related deaths in both men (28%) and women (27%) in the USA. The American Cancer Society estimated that over 220,000 patients were diagnosed with lung cancer and over 150,000 deaths were caused by this disease in 2015 [1] . The majority of lung cancers are diagnosed at an advanced stage, thus resulting in much lower 5-year survival rate (17%) compared to breast (89%), prostate (99%) and colon carcinomas (65%) [1] . Despite advances in the management of lung cancer, this disease still remains a significant global health burden with survival rates that have not significantly improved in last decades. Reduced mortality with low-dose helical CT (LDCT) screening of high-risk patients is challenged by the high false positive rate and the potential morbidity associated with follow-up diagnostic evaluation in patients at high risk for iatrogenic complications. The diagnostic dilemma of the indeterminate nodule incidentally identified on diagnostic or screening CT has created a need for searching for reliable biomarkers capable of distinguishing benign from malignant disease.
Wei et al. developed a novel core technology, electric field-induced release and measurement (EFIRM), which can detect the epidermal growth factor receptor (EGFR) mutations directly in bodily fluids, including saliva. This approach is an electrochemical method based on immobilized nucleic acid probes for capturing mutated sequences and applying electric fields to facilitate the hybridization process. Because of the speed and simplicity of the method, EFIRM has the potential to be a suitable tool for oncogenic mutation monitoring in clinics. A blinded test was performed on saliva samples from 40 patients with non-small cell lung carcinoma (NSCLC). The receiver operating characteristic (ROC) analysis indicated that EFIRM detected the exon 19 deletion with the AUC of 0.94 and the L858R mutation with an AUC of 0.96 [12] . Pu et al. [57] used EFIRM to detect exon 19 deletion and L858R mutations in saliva and plasma samples of lung cancer patients. This study resulted in the detection of exon 19 deletion with the AUC of 1.0 in both saliva and plasma samples in lung cancer patients. For L858R mutation detection, the AUC of saliva was 1.0, while the AUC of plasma was 0.98. Strong correlations were also found between pre-and postsurgical samples for both saliva (0.86 for exon 19 deletion and 0.98 for L858R mutation) and plasma (0.73 and 0.94, respectively).
A salivary transcriptome was analyzed in a cohort of 42 lung cancer patients and 74 healthy controls by gene microarray. Seven mRNA transcripts [BRAF (v-raf murine sarcoma viral oncogene homolog B1), CCNI (cyclin I), EGFR, FGF19 (fibroblast growth factor 19), FRS2 (fibroblast growth factor receptor substrate 2), GREB1 (growth regulation by estrogen in breast cancer 1) and LZTS1 (leucine zipper, putative tumor suppressor 1)] expressed in saliva were identified and pre-validated. The logistic regression model with the combination of five mRNA biomarkers (CCNI, EGFR, FGF19, FRS2 and GREB1) could differentiate lung cancer patients from control subjects, yielding the AUC value of 0.925 with 93.75% sensitivity and 82.81% specificity [17] . Li et al. [26] introduced SERS to identify lung cancer biomarkers in saliva. There were nine significant peaks between patients and controls, most of them assigned to amino acids and nucleic acid bases. The accuracy, sensitivity and specificity of the measurement were 80, 78 and 83%, respectively.
Xiao et al. investigated the proteomic biomarkers in saliva by 2-DE combined with MS, 16 candidate protein biomarkers were discovered. Three proteins (haptoglobin, zinc-a-2-glycoprotein and calprotectin) were further verified with the discriminatory power of 88.5% sensitivity and 92.3% specificity in lung cancer patients compared to healthy controls (AUC = 0.90) [58] .
Pancreatic cancer
Pancreatic cancer is the fourth leading cause of cancerrelated deaths in males and females of all ages with a 5-year survival rate of 3-5%. It has been estimated that this disease causes over 40,000 deaths per year in the USA [1] . Close to 100% of patients with pancreatic cancer develop metastases and die because of the late-stage presentation, lack of effective therapy protocols, biomarkers and early detection tools [59, 60] .
Zhang et al. [18] profiled the transcriptomes of saliva samples from 42 pancreatic cancer patients, including 30 chronic pancreatitis patients and 42 healthy control individuals by using the Affymetrix HG U133 Plus 2.0 Array.
Their results showed that the combination of 4 mRNA biomarkers (KRAS, MBD3L2, ACRV1 and DPM1) could differentiate pancreatic cancer patients from cancer-free subjects with high sensitivity of 90.0% and specificity of 95.0% (AUC = 0.971).
Recently, miRNAs show their importance in salivary diagnostics. A miRNA PCR array (miRBase version 18, containing 384 miRNAs; Qiagen) was used to detect the miRNA fraction in salivary supernatant of 30 patients diagnosed with pancreatic cancer and 32 healthy controls. The top 5 miRNA candidates (miR-17, miR-21, miR-181a, miR-181b and miR-196a) were differentially expressed in the saliva samples of pancreatic cancer patients compared to controls and validated by qRT-PCR [19] . Humeau et al. [61] screened 94 salivary candidate miRNAs by qRT-PCR in patients with pancreatic cancer, pancreatitis, intraductal papillary mucinous neoplasia and healthy controls. They identified hsa-miR-21, hsa-miR-23a, hsa-miR-23b and miR-29c significantly upregulated in saliva of pancreatic cancer patients compared to controls, showing perfect specificity (100%), but with relative low sensitivities of 71.4, 85.7, 85.7 and 57%, respectively. In other study, an Agilent microarray was used to profile the salivary miRNA of patients with resectable pancreatic cancer, followed by validation by means of qPCR. Logistic regression model combining miR-3679-5p and miR-3679-5p was able to distinguish resectable pancreatic cancer within the three categories, showing sensitivities of 72.5, 62.5, 70.0% and specificities of 70.0, 80.0, 70.0%, respectively [62] .
Lau et al. [56] provide the mechanistic and biological rationales, why the biomarkers of pancreatic cancer can be appearing in saliva. They investigated the role of pancreatic cancer-derived exosomes in salivary biomarker development by constructing a pancreatic cancer mouse model. Their results showed that the salivary biomarker development was disrupted by inhibiting the biogenesis of pancreatic cancer-derived exosomes.
Sugimoto et al. identified eight pancreatic cancerspecific metabolites (leucine with isoleucine, tryptophan, valine, glutamic acid, phenylalanine, glutamine and aspartic acid) using CE-TOF-MS. The AUC value to discriminate healthy controls from pancreatic cancer subjects was 0.993 [31] .
Farrell et al. [39] observed significant variation in salivary microbiota between 10 pancreatic cancer and 10 control subjects by using Human Oral Microbe Identification Microarray (HOMIM), later validated by means of qPCR in an independent cohort. The combination of N. elongata and S. mitis provided the AUC of 0.90 with 96.4% sensitivity and 82.1% specificity in distinguishing patients with pancreatic cancer from healthy subjects. Torres et al. [40] characterized the salivary microbiota of pancreatic cancer, healthy and subjects diagnosed with other diseases by using high-throughput sequencing of 16S rRNA gene. Similar to Farrell's research, the decreased abundances of N. elongata as well as significantly higher ratio of Leptotrichia to Porphyromonas were detected in the saliva of patients diagnosed with pancreatic cancer compared to healthy controls or those with other diseases. These reports open a new venue for salivary microbiota to serve as an informative source for discovering noninvasive biomarkers for systemic diseases.
Breast cancer
Breast cancer is the most common form of cancer and the second leading cause of cancer deaths in women in the USA [1] . Despite advances in treatment, more than 40,290 people died of this disease in the USA in 2015 [1] . Most breast cancers are diagnosed at a late stage, resulting in high mortality rates. Traditional screening mammography is considered to be the gold standard for breast cancer diagnosis, but the sensitivity is not ideal depending on the type of mammography [63] .
Affymetrix HG-U133-Plus-2.0 Array and 2-DE were used to profile salivary transcriptomes and proteomes of 10 breast cancer patients and 10 matched controls. Preclinical validations were performed by qRT-PCR (transcriptomic biomarkers) and quantitative protein immunoblot (proteomic biomarkers) in an independent cohort. Eight mRNA biomarkers and one protein biomarker were pre-validated, yielding an accuracy of 92% (83% sensitivity, 97% specificity) [20] .
Salivary and serum level of concentrations of protein CA15-3 could be positively correlated when comparing breast cancer patients to controls [42, 64] . CA15-3 now is a proteomic biomarker approved by US Food and Drug Administration (FDA) for monitoring the metastasis of breast cancer [65] . SERS was applied to explore the protein biomarkers of saliva samples obtained from 33 healthy subjects, 33 patients with benign breast tumors and 31 with malignant breast tumors, followed by analysis using regularized multinomial regression techniques. The diagnostic accuracy of 92.78, 95.87 and 88.66% were acquired in those three groups, respectively [27] .
The expression of lung resistance protein (LRP) in saliva was measured in 16 healthy women and 16 women with confirmed breast cancer stage I using gel electrophoresis and Western blot technology. The levels of LRP were reported at significantly higher concentrations among breast cancer subjects as compared to healthy women [66] . [68] .
Gastric cancer
Although the incidence and mortality have dramatically decreased over the past several decades, gastric cancer is still a major public health issue as the fifth most common malignancy in the world and the third leading cause of cancer-related death worldwide [69, 70] . The symptoms of gastric cancer tend to emerge late in the development of the disease, and thus, treatment options are often limited [26] . Moreover, gastric cancer occurs in juvenescence and is usually diagnosed at advanced stage [70] .
The quantitative proteomic approach, tandem mass tag (TMT) technology, was applied to develop discriminatory salivary protein biomarkers for the detection of gastric cancer. More than 500 proteins were identified and quantified in this study, among which 48 showed significant differential expression profile between controls and gastric cancer patients. Cystatin B, triosephosphate isomerase and malignant brain tumors 1 protein were successfully verified by ELISA. The combination of these three biomarkers could reach 85% sensitivity and 80% specificity with accuracy of 0.93 [71] .
H. pylori, causing the stomach lining inflammation, can also lead to gastric cancer. Zilberman et al. [41] detected clinically relevant levels of two metabolites of H. pylori, NH 3 and CO 2 , in saliva, which provides a platform for cross-reactive sensitivity and allows detection of salivary CO 2 and NH3 at ppm levels.
Conclusions
The goal of cancer screening is to detect tumor at an early stage, when treatment is most likely to be successful. Screening methodologies, exhibiting the combined features of high sensitivity and high specificity, are greatly needed. Moreover, the screening tools should be sufficiently noninvasive and inexpensive to allow widespread applicability. Salivary diagnostics has all the advantages mentioned above over a blood test, and different salivary biomarkers could be applied to detect systematic cancers, other than used for diagnosis of oral local diseases.
The understanding of exosome secretion and liquid biopsy provides the information about the origin of salivary biomarkers and the mechanism responsible for the development of discriminatory biomarkers in saliva and distal systemic diseases. As detailed above, the recent approaches of salivary biomarker development have elucidated great progress toward clinical application. Several biomarkers for systematic cancer detection have been identified and validated at the preclinical level. We truly believe that integration of better understanding of salivary and emerging novel, accurate detection technology will open a new era for salivary diagnostics.
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